Results we found in these control experiments that we could elicit normal mossy fiber LTP during ␤-adrenergic blockade (223% Ϯ 24%, n ϭ 3, p Ͼ 0.05, compared to wild Kainate Receptors Mediate Mossy Fiber Long-Term Potentiation type without propranolol), suggesting that ␤-adrenergic receptor activation is not necessary for induction of In order to test the hypothesis that kainate receptors are necessary for induction of mossy fiber LTP, we commossy fiber LTP in disinhibited hippocampal slice preparations from mice. These results are in agreement with pared the magnitude of LTP in hippocampi from wildtype mice to that in GluR5 Ϫ/Ϫ and GluR6 Ϫ/Ϫ mice (Mulle et an earlier study which found that ␤-adrenergic receptor activation only played a role in mossy fiber LTP in slices al., 1998, 2000). Stimulation in stratum lucidum evoked monosynaptic mossy fiber EPSCs that were identified in which inhibition was intact (Hopkins and Johnston, 1988). These experiments strongly support the hypotheaccording to several well-defined criteria (see Experimental Procedures). Mossy fiber LTP was induced in sis that kainate receptors at mossy fiber synapses play a critical role in mossy fiber LTP. wild-type and knockout mice using a tetanus consisting of three 1 s trains at 100 Hz frequency given at an interval of 10 s (L-HFS-3) (Urban and Barrionuevo, 1996) . The PKA-Dependent Potentiation Is Intact in GluR6 Ϫ/Ϫ Mice time course of potentiation for the three mouse genotypes is shown in Figure 1A Figure  1C, n ϭ 14) . However, the magnitude of LTP in GluR6 Ϫ/Ϫ determine if ablation of the GluR6 subunit altered PKAdependent enhancement of mossy fiber transmission, mice was significantly less (123% Ϯ 6%, n ϭ 10, p Ͻ 0.01 compared to wild-type LTP). Mossy fiber LTP in we compared forskolin-induced potentiation of mossy fiber EPSCs in wild-type and GluR6 Ϫ/Ϫ mice. There was GluR5 Ϫ/Ϫ mice was indistinguishable from that in wildtype mice (200% Ϯ 20%, n ϭ 12, p Ͼ 0.05; Figure 1 ). no significant difference in the magnitude of potentiation induced by forskolin in wild-type and GluR6 Ϫ/Ϫ mice It is possible that kainate receptors activation might be indirectly involved in mossy fiber LTP. In light of (wild type, 205% Ϯ 31%, n ϭ 10; GluR6 Ϫ/Ϫ , 179% Ϯ 19%, n ϭ 10, p Ͼ 0.05; Figure 2 ). These results suggest previous results that showed that mossy fiber LTP is impaired by antagonists of ␤-adrenergic compounds that activation of mossy fiber kainate receptors occurs at a point upstream of PKA in the signaling cascade (Huang and Kandel, 1996), it could be argued that activation of kainate receptors on noradrenergic terminals lothat gives rise to LTP. cated in this region of the hippocampus might increase the release of norepinephrine and thereby facilitate LTP Paired-Pulse Facilitation Is Reduced in GluR6 Ϫ/Ϫ Mice induction. In order to test this possibility, we made recordings from wild-type mice in the presence of the Pairing stimuli to mossy fibers facilitates the amplitude of the second evoked EPSC; this form of short-term ␤-adrenergic antagonist propranolol (1 M). However, At interstimulus intervals of 60-500 ms, no significant intervals of less than 60 ms, the paired-pulse ratio was 
, and GluR5
Ϫ/Ϫ mice at 0.2 Hz (wild type, 151% Ϯ 8%, n ϭ 18; GluR6 Ϫ/Ϫ , 131% Ϯ 5%, n ϭ 19; GluR5 Ϫ/Ϫ , 157% Ϯ 18%, n ϭ 10), at 0.5 Hz (wild type, 252% Ϯ 19%, n ϭ 18; GluR6 Ϫ/Ϫ , 189% Ϯ 15%, n ϭ 19; GluR5 Ϫ/Ϫ , 269% Ϯ 46%, n ϭ 10), at 2 Hz (wild type, 449% Ϯ 45%, n ϭ 10; GluR6 Ϫ/Ϫ , 245% Ϯ 45%, n ϭ 8; GluR5
Ϫ/Ϫ , 418% Ϯ 46%, n ϭ 6), and at 5 Hz (wild type, 527% Ϯ 70%, n ϭ 15; GluR6 Ϫ/Ϫ , 257% Ϯ 60%, n ϭ 7; GluR5 Ϫ/Ϫ , 527% Ϯ 123%, n ϭ 4). (C) Facilitation of the first 10 EPSCs evoked during a 100 Hz train delivered to mossy fibers in slices from wild-type (n ϭ 17) and GluR6 differences were detected in the mossy fiber PPR of type mice these frequencies of stimulation increased the amplitude of mossy fiber EPSCs by 449% Ϯ 45% the wild-type and knockout mice ( Figure 3A) . Because mossy fiber EPSCs exhibit a large trial-to-trial variation (2 Hz, n ϭ 10) and 527% Ϯ 70% (5 Hz, n ϭ 15). The GluR6 Ϫ/Ϫ mice showed a large deficit in facilitation at in amplitude and paired-pulse ratio, we confirmed the difference in short-term plasticity by averaging 15-30 these higher frequencies, as EPSC amplitudes increased by only 245% Ϯ 45% and 257% Ϯ 60% at 2 paired EPSCs evoked with an interstimulus interval of 40 ms. We again found that PPR in the GluR6 Ϫ/Ϫ mice Hz and 5 Hz (n ϭ 8 and 7, respectively, p Ͻ 0.05) ( Figure  4B ). Furthermore, we observed no difference in frewas significantly smaller than that in wild-type or GluR5 Ϫ/Ϫ mice (wild type, 2.4 Ϯ 0.1, n ϭ 21; GluR5 Ϫ/Ϫ , quency facilitation in the GluR5 Ϫ/Ϫ mice at 2 Hz (418% Ϯ 46%, n ϭ 6, p Ͼ 0.05) or at 5 Hz (527% Ϯ 123%, n ϭ 2.2 Ϯ 0.1, n ϭ 15; GluR6 Ϫ/Ϫ , 1.8 Ϯ 0.1, n ϭ 16, p Ͻ 0.01; Figure 3B ). These data suggest that activation of kainate 4, p Ͼ 0.05) ( Figure 4B ). These results strongly support the hypothesis that GluR6-containing kainate receptors receptors contributes to facilitation of mossy fiber EPSCs paired at short intervals. act as presynaptic autoreceptors to augment frequencydependent facilitation of synaptic transmission at mossy fiber terminals. GluR6 Ϫ/Ϫ mice was observed (n ϭ17 and 13, respectively; kainate receptors mediate their action upstream of the intracellular effector protein kinase A. Second, deficits Figure 4C ). These results demonstrated that an initial deficit in facilitation does not underlie the reduced in short-term plasticity in the GluR6 Mossy fiber LTP appears to be mechanistically distinct in the GluR6 Ϫ/Ϫ mice. Previously, Yeckel and coworkers from other forms of LTP at excitatory synapses in the (1999) were able to block mossy fiber LTP by the simultahippocampus. As is the case at other synapses, consenneous application of both kynurenate and an antagonist sus has been reached on some aspects of mossy fiber of group I mGluRs. To determine if kainate receptor-LTP, but many elements are still the subject of debate. independent LTP was mediated by group I mGluRs, It is accepted that induction of LTP does not depend we induced LTP in the presence of the noncompetitive on NMDA receptor activation (Harris and Cotman, 1986) group I mGluR antagonist CPCCOEt (100 M). In wildand that LTP is maintained by a long-lasting enhancetype mice, the magnitude of LTP was significantly rement of mossy fiber release probability (Zalutsky and duced in the presence of CPCCOEt (139% Ϯ 10%, n ϭ Nicoll, 1990). In contrast, the mechanisms of induction 11, p Ͻ 0.05, compared to control LTP) ( mossy fiber LTP in a subset of recordings (3 of 8 CA3 neurons) after a tetanus identical to that used in our Forskolin-induced enhancement of mossy fiber transmission is normal in GluR6 Ϫ/Ϫ mice, suggesting that study was delivered to the mossy fibers. Furthermore, when both ionotropic and group I metabotropic glutaet al. is not clear, although it is worth noting that the paired-pulse ratios we observed in the wild-type mice, mate receptors were inhibited, LTP was not elicited. These data provide suggestive evidence for the exiswhich were similar to those in previous reports (Salin et al., 1996; Castillo et al., 1997a; Domenici et al., 1998), tence of two pathways for induction of mossy fiber LTP.
Mossy Fiber Frequency Facilitation Is Impaired in GluR6
On the basis of these previous data and our current were significantly lower than those in the report by Mulle et al., suggesting that there might have been experimenresults, we propose that two separate receptors systems, kainate receptors and mGluRs, mediate the inductal condition(s) that underlay the different results. Our data suggest that GluR6 Ϫ/Ϫ -containing kainate reception of mossy fiber LTP. We found that mossy fiber LTP is significantly reduced in GluR6 Ϫ/Ϫ mice and was tors on mossy fiber terminals are activated by a single release event and can contribute to the facilitation of completely eliminated in these mice using a group I mGluR antagonist. These results suggest that when a subsequent release of glutamate, if a second stimulus arrives within a narrow window of coincidence. single pathway is inhibited, either pharmacologically or in knockout mice, a lower degree of potentiation can still Kainate receptors also facilitate transmission if mossy fibers are stimulated at low frequencies for extended be attained due to activation of the alternative pathway.
Although our study in kainate receptor knockout mice trains. The frequency dependence of increases in mossy fiber EPSC amplitudes arises from presynaptic mechasupports the involvement of kainate receptors in mossy fiber LTP, we found that LTP is impaired only in GluR6 Ϫ/Ϫ nisms that share characteristics with paired-pulse facilitation (Salin et al., 1996) . We found that frequency facilimice, rather than GluR5 Ϫ/Ϫ mice. We therefore arrive at different conclusion regarding the subunit composition tation was reduced significantly in GluR6 Ϫ/Ϫ mice at stimulation frequencies that ranged from 0. fiber LTP in the GluR6 Ϫ/Ϫ mice arose either from the deficit in the presynaptic frequency response or from receptors by spillover from neighboring mossy fiber and associational-commissural inputs depressed mossy fipostsynaptic mechanisms, because GluR6-containing kainate receptors are located at both pre-and postsynber transmission (Schmitz et al., 2000) .
We demonstrated that activation of kainate receptors aptic sites at the mossy fiber synapse (Mulle et al., 1998; Contractor et al., 2000) . In an initial attempt to address by synaptic glutamate facilitated mossy fiber transmission by examining the magnitude of short-term plasticity this issue, we analyzed EPSCs evoked during the first 100 Hz train used to induce mossy fiber LTP. Compariphenomena in the kainate receptor knockout mice. We saw reductions in two forms of short-term plasticity, son of the amplitudes of each of the first ten EPSCs to that of the first EPSC in the train did not reveal differpaired-pulse facilitation and frequency facilitation, in the GluR6 Ϫ/Ϫ mice. Paired-pulse facilitation at short interences between wild-type and GluR6 Ϫ/Ϫ mice. This finding suggests that differences in facilitation do not understimulus intervals (of less than 60 ms) was smaller by ‫%52ف‬ in GluR6 Ϫ/Ϫ mice, a result apparently at odds lie the reduced LTP in the GluR6 Ϫ/Ϫ mice but is not conclusive. Further studies will be required to ascertain with a previous study in these mice (Mulle et al., 1998) synapse.
